Introduction
Osteoarthritis (OA) of the knee is a major cause of disability that affects 12% of adults aged ≥60 years. 1 Knee OA is responsible for progressive joint pain and dysfunction due to articular cartilage and subchondral bone damage, synovitis, and osteophyte formation. 2 Conservative measures such as analgesics, aerobic training, and muscle strengthening are initially employed to alleviate symptoms and maintain joint function.
In the estimated 3.6 million knee OA patients who have unsuccessfully exhausted nonsurgical treatment options in the United States, 3 surgical options such as total knee arthroplasty (TKA) or unicompartmental knee arthroplasty may be indicated. Ideally, alternative nonsurgical options that could decrease knee pain, restore joint function, and potentially delay the need for arthroplasty would be available to patients who have unsuccessfully attempted focused conservative therapies.
Intra-articular injection of hyaluronic acid (HA), or viscosupplementation, is an efficacious nonsurgical therapy for treatment of knee OA. 4 Recent meta-analyses have confirmed the efficacy of viscosupplementation for knee OA over 6 months follow-up. [5] [6] [7] Accumulating evidence suggests that the clinical benefit of HA is underestimated using conventional meta-analytic techniques given disparities in control group effect sizes. 8, 9 Intra-articular injection of exogenous HA replaces OA-induced reductions in the concentration and molecular weight of endogenous HA, thereby alleviating patient symptoms through postulated mechanisms including inhibition of chondrodegradative enzymes and inflammatory processes, stimulation of chondrocyte metabolism, and synthesis of articular cartilage matrix components. 10, 11 As chronic joint overload is a major risk factor for knee OA development, [12] [13] [14] treatment programs centered around viscosupplementation, but with concomitant utilization of joint-unloading therapies, may potentially yield synergistic benefits. Given that the typical patient endures knee OA symptoms for 9-12 years before electing to undergo arthroplasty, [15] [16] [17] long-term data would be mandatory with such a therapy to answer important questions related to potential for delayed TKA and cost utility.
We previously reported outcomes in patients who participated in an 8-week real-world multimodal knee OA treatment program consisting of viscosupplementation, structured physical therapy, knee bracing, and patient education. At completion of the program, patients reported a 59% mean reduction in knee pain and 44%-51% improvements in mean Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) subscores. 18 In a follow-up study in these patients, knee symptom alleviation was maintained through 2 years and the program was deemed highly cost-effective. 19 In the current study, we report long-term clinical outcomes and cost utility in a subgroup of these patients who were treated with Hyalgan ® (Fidia Pharma USA Inc., Parsippany, NJ, USA), a 500-730 kilodalton sodium hyaluronate.
Methods Patients
We contacted patients who previously participated in a single 8-week multimodal treatment program for symptomatic knee OA. 18, 19 Eligible patients were adults with symptomatic knee OA who met the clinical criteria for medical necessity regarding HA therapies set forth by Medicare Local Coverage Determinations, which typically included a) knee pain interfering with functional activities, b) radiographic evidence of knee joint osteophytes, sclerotic changes, or joint space narrowing, c) morning stiffness <30 minutes duration, or crepitus with knee motion, and d) lack of functional improvement following >3 months conservative therapy, or inability to tolerate nonsteroidal anti-inflammatory drugs (NSAIDs). Patients were enrolled at 27 OsteoArthritis Centers of America SM treatment centers in six states in the United States. This research received approval by an Institutional Review Board (IntegReview, Austin, TX, USA). IRB approval and patient consent were obtained for data collection efforts through 8 weeks follow-up. For long-term data collection, IRB approval was granted and the requirement for written informed consent was waived given that data were obtained through telephone interviews.
Pretreatment assessments
At each treatment center, baseline assessments included a clinical and orthopedic examination. Knee OA disease severity was classified using the Kellgren-Lawrence (K-L) grading scale from standing weight-bearing X-rays where grade 0=no radiographic features of OA, grade 1=doubtful joint space narrowing and possible osteophytic lipping, grade 2=definite osteophytes and possible joint space narrowing on anteroposterior weight-bearing radiograph, grade 3=multiple osteophytes, definite joint space narrowing, sclerosis, and possible bony deformity, and grade 4=large osteophytes, marked joint space narrowing, severe sclerosis, and definite bony deformity. 20 Knee arthrography was performed to identify potential contraindications to program participation (e.g., symptomatic meniscal tear, significant ligamentous instability), to ensure that no large osteophytes were present that could interfere with tricompartmental HA distribution and to ensure joint capsule structural integrity at the injection site.
Knee Oa treatment program
The 8-week multimodal knee OA treatment program has been described in detail elsewhere. 18 Patients in the current series received five intra-articular knee injections of sodium 
1047
eight-week multimodal knee osteoarthritis management program hyaluronate, with each injection given 1 week apart. Injections were administered under fluoroscopic guidance, which allows for confirmation of tricompartmental HA distribution and improves injection accuracy, resulting in improved patient outcomes vs. anatomical injection guidance. [21] [22] [23] Patients participated in structured physical therapy and education programs provided by physical therapists 2-3 times per week during the 8-week period. Unloader knee braces were prescribed when clinically indicated. At program discharge, patients were encouraged to continue participation in regular low-impact aerobic activity and functional exercises at home. Patients who participated in multiple 8-week treatment courses were not eligible for this study.
long-term follow-up
Follow-up data through 2 years were available to the authors as previously reported. 19 Long-term patient data (mean 3.7 years) were obtained through a structured phone interview. Interviewers participated in pilot testing to refine the telephone-based questionnaire and were trained to ensure a consistent structure among interviewers and study sites. Telephone interviews took ~15 minutes and were conducted between October 2016 and November 2016.
Outcomes
Knee pain severity was assessed on a 0-10 Numeric Pain Rating Scale (NPRS) with higher values representing greater pain severity. The WOMAC version 3.1 was administered to assess knee OA-related pain, function, and stiffness. 24 All WOMAC scores were converted to a 0-100 scale, with a higher score indicating a worse outcome. We defined responders as patients with ≥30% improvement in NPRS and ≥20% improvement in WOMAC Pain and Function subscales. 25 Current medication use for knee OA symptoms and history of TKA were also elicited.
Utility scores were derived from the EQ-5D questionnaire, which is composed of five dimensions including mobility, self-care, usual activities, pain/discomfort, and anxiety/depression. 26 Utility scores at baseline and 8 weeks were derived from WOMAC scores using multiple regression; 27 utility scores were derived from the EQ-5D during follow-up. The area under the EQ-5D curve was calculated for each patient to account for serial measurements. 28 Effectiveness was reported as the number of quality-adjusted life years (QALYs) gained, which was calculated as the change in utility score during follow-up multiplied by the duration of follow-up. One QALY represents 1 year in perfect health, a score of 0 QALYs represents either death or 1 year in a coma, and negative values may be used to represent severe conditions such as confinement to a bed or inability to perform daily activities. 29, 30 Incremental effectiveness was defined as the number of QALYs gained from the knee OA treatment program minus the number of QALYs gained with usual care.
The standpoint taken for the economic analysis was from a single payer perspective. In accordance with the Centers for Medicare and Medicaid Services reimbursement fee schedules, we assumed a cost of $3,300 per knee treated in the 8-week multimodal program and $25,600 per knee that underwent TKA during follow-up. Total costs for patients undergoing the knee OA program were calculated as $3,300 per treated knee plus $25,600 per TKA during follow-up. Costs for patients undergoing usual care were calculated as $25,600 per TKA during follow-up. Incremental cost was defined as the average cost for patients in the knee OA treatment program minus the average cost for patients treated with usual care. The incremental cost-effectiveness ratio (ICER) was calculated as incremental cost divided by incremental effectiveness. Assessment of the ICER in relation to an established willingness-to-pay value can be used to determine whether a proposed new treatment is acceptably cost-effective compared to an existing treatment.
Data analysis
Baseline data were reported as mean and standard deviation for continuous variables or frequencies and percentages for categorical variables. In patients with bilateral disease, the knee with the greatest pain severity was selected for analysis of NPRS and WOMAC data. Baseline characteristics of patients who participated in the telephone interview vs. those who did not participate were compared with independent samples t-test and Fisher's exact test. Longitudinal changes in clinical outcomes were assessed with repeated measures analysis of variance. Univariate logistic regression was used to identify factors that predicted TKA. A p-value <0.05 was considered as statistically significant. Statistical analyses were performed using Predictive Analytics Software (v. 22; IBM, Inc., Armonk, NY, USA).
For the cost-effectiveness model, the base-case analysis considered patients who participated in the 8-week knee OA program relative to a hypothetical control group that did not participate in the program but utilized usual care, had identical TKA rates, and had no change or worsening in WOMAC. 31 Subgroup analyses were performed to determine the impact of baseline characteristics on cost utility outcomes.
One-way deterministic sensitivity analyses were performed to estimate the ICER under various conservative scenarios. We assumed that with usual care, the WOMAC score improved between 1% and 20% (pessimistic scenario). 31 One-way sensitivity analysis was also performed for TKA utilization where the upper and lower limits for the usual care group were determined by assuming ±25% relative risk from the point estimate.
Second-order probabilistic sensitivity analyses were performed using Monte Carlo simulations. We randomly sampled from these distributions in Monte Carlo simulations to generate 1,000 joint distribution samples of the two varying parameters (incremental effectiveness and TKA utilization). Using the Monte Carlo simulations, the distribution of costeffectiveness acceptability was assessed in relation to ICERs of $50,000, $100,000, and $150,000 per QALY, which are established benchmark thresholds for cost-utility analyses in the United States. 32 Monte Carlo simulations were performed using RiskAmp Professional (v. 4.9, Structured Data, LLC, San Francisco, CA, USA).
Results
Of the 402 patients who we attempted to contact, 158 patients could not be reached, 20 patients were contacted but refused to participate, and six patients had died. A total of 218 patients were contacted and provided long-term follow-up data (mean: 3.7 years, range: 2.7-4.9 years) for this study.
Patient characteristics
Baseline patient characteristics are reported in Table 1 . There were no statistically significant differences in baseline patient characteristics comparing participants to nonparticipants. Patients were generally elderly (mean age: 71 years) and obese (mean body mass index: 31 kg/m 2 ) with a slight predominance of males (54%). Mean WOMAC subscores were 48, 49, and 54 for Pain, Function, and Stiffness, respectively, and mean NPRS was 5.5, values that are comparable to patients undergoing TKA. 15, 33 More than one in three patients presented with K-L grade 4 disease. Mean utility score was 0.70, which is consistent with previous reports in knee OA patients (range=0.56-0.72). 27, [34] [35] [36] [37] [38] clinical outcomes
Patients enrolled in this study comprised a subset of patients in whom 8-week treatment program data were previously reported. 18 Over the 8-week treatment period, knee pain NPRS decreased 66%, from 5.5±2.8 to 1.9±2.2 (p<0.001). At final follow-up, NPRS scores remained 60% below baseline and 75% of patients were considered NPRS responders ( Figure 1 ).
All WOMAC subscores decreased 43%-49% (all p<0.001) during the 8-week treatment period. The clinical benefit associated with the multimodal knee OA treatment program was largely maintained over long-term follow-up. Compared to baseline, WOMAC subscale values remained 42% lower for Pain, 41% lower for Function, and 33% lower for Stiffness (all p<0.001; Figure 2 ). The percentage of long-term responders, defined as at least 20% improvement relative to baseline, was 69% for WOMAC Pain and 71% for WOMAC Function. (Table 2) .
We performed a sensitivity analysis where patients who underwent TKA were considered failures for NPRS and WOMAC. For these patients, we utilized a baselineobservation-carried-forward approach where the value at final follow-up was imputed with the baseline value. Even in this analysis, NPRS (5.6±2.8 vs. 3.2±2.4), WOMAC Pain (48±20 vs. 31±22), WOMAC Function (50±20 vs. 33±21), and WOMAC Stiffness (54±24 vs. 39±26) values at longterm follow-up remained significantly lower than baseline (all p<0.001). Therefore, the conclusion that a single 8-week multimodal knee OA program yields long-term symptom relief is unchanged in this worst-case analysis.
cost utility
At long-term follow-up, EQ-5D utility scores remained significantly higher than baseline values, with an incremental increase of 0.162 (95% confidence interval [CI]: 0.146-0.177; Figure 3) . Results of the base-case cost analysis are shown in Table 3 . The multimodal knee OA treatment program was highly cost-effective with an ICER of $6,000 per QALY. Results of one-way deterministic sensitivity analysis showed an ICER range of $6,000-$10,493 per QALY when utility score change varied and an ICER range of $3,996-$8,004 per QALY when TKA rate varied (Table 4) . Subgroup analyses showed no significant Table 6 . The percentage of simulations with an ICER below common willingness-to-pay limits was 97.2%, 98.9%, and 99.4% for the $50,000, $100,000, and $150,000 per QALY thresholds ( Figure 4 ).
Discussion
In patients with knee OA who unsuccessfully exhausted focused conservative therapy, participation in a single 8-week program involving one cycle of five intra-articular knee injections of sodium hyaluronate given at weekly intervals, structured physical therapy, knee bracing, and patient education provides clinically meaningful reductions in knee OA symptoms that are maintained over 3.7 years mean follow-up. Furthermore, this multimodal program was found to be highly cost-effective over the long term. Durable clinical benefit and cost-effectiveness were realized in all subgroups analyzed by gender, age, body mass index, knee pain severity, K-L grade, and number of treated knees. Finally, all reported outcomes were robust to even the most conservative sensitivity analysis assumptions.
The economic burden of knee OA is projected to increase by almost 50% by 2025, in large part from increasing TKA utilization. 3 The number of knee replacement procedures will exceed 3 million annually in the United States by 2030, 39 with the majority of procedures expected to be performed in patients younger than 65 years. 40 As TKRs continue to be performed on a younger population, the number of revision procedures, which cost twice that of primary TKA, will continue to increase. 39 In the current economic climate with heightened scrutiny on health care resource utilization and establishment of pay-for-performance initiatives, the ideal therapy for the patient with knee OA would be well accepted by patients, durably provide clinically meaningful improvements in pain and function, delay the need for TKA, and yield an ICER below that of typical willingness-to-pay thresholds. Before participation in the multimodal knee OA treatment program, all patients in the current study reported lack of functional improvement following >3 months conservative therapy. Therefore, the study sample had entered into the "knee OA treatment gap", 3 which represents a protracted period between conservative care failure and TKA in which the patient experiences debilitating pain, reduced quality of life, and significant financial burden. In most patients, this period will persist for life because only 9%-33% of patients are willing to undergo arthroplasty. [41] [42] [43] The economic burden of the treatment gap in knee OA is projected to reach 24 billion dollars by 2025. 3, 44, 45 Nonsurgical multimodal knee OA programs such as that reported in this study, which included once-weekly sodium hyaluronate intra-articular injections for 5 weeks, may represent a viable therapeutic strategy to address the treatment gap in knee OA.
A novel aspect of this study was that clinical benefit and cost-effectiveness of this 8-week program administered in real-world settings were maintained over a mean 3.7-year period. Approximately 70% of patients continued to meet the criteria for a WOMAC responder, and the program was highly cost-effective with an ICER of $6,000 per QALY in the base case and $7,634 per QALY in a Monte Carlo simulation with conservative parameters. To the authors' knowledge, this is one of the longest follow-up periods of any study of a nonsurgical knee OA therapy. Another notable finding of this study was that only 22.8% of treated knees underwent TKA during follow-up (annualized TKA rate=6.2%). For comparison, other knee OA studies with minimum 2-year follow-up report annualized TKA rates of 8.1%-16.7%. [46] [47] [48] [49] Although the TKA rates in this study are considerably lower than other studies, we cannot directly infer that participation in this program reduces the need for TKA. Randomized controlled trials with extended follow-up to assess health care utilization, including arthroplasty utilization, are required to draw firm conclusions on this topic.
As payers expect medical interventions to not only be safe and effective, but also to provide sufficient value, there is an increasing focus on how these interventions perform not only in clinical trials, but in real-world settings. Real-world evidence from pragmatic studies is arguably more generalizable to the target patient population in comparison to clinical trials with stringent study entry criteria. Results from our base-case, sensitivity, and subgroup analyses suggest that, regardless of the assumptions made or the subgroup under study, the The primary strengths of this study were long-term follow-up in patients recruited from real-world knee OA practices across the United States, which confers excellent generalizability of these findings to the knee OA population. There were also several limitations that warrant discussion. First, there was no contemporaneous control group with which to compare results. We addressed this limitation by performing a number of sensitivity analyses that made optimistic, realistic, and pessimistic assumptions regarding outcomes in a hypothetical control group undergoing usual care. Still, the limitations and risks of bias inherent in case series remain, given the absence of a contemporaneous control group. Second, only 54% of patients who we tried to contact were able to provide data for this study. While it is possible that data were not missing at random, there were no statistically significant differences in baseline patient characteristics comparing participants to nonparticipants. Finally, due to the nature of the study design that was largely dependent on patient recall, the only costs that were considered in this analysis were those related to the 8-week treatment program and to TKA. While the cost of TKA is the largest contributor to the economic burden of knee OA, 50 the omission of additional cost drivers such as physician visits and imaging studies remains a limitation of the study.
Conclusion
Participation in a single 8-week knee OA treatment program, which included one cycle of five intra-articular knee injections of sodium hyaluronate given at weekly intervals, is highly cost-effective and provides clinically meaningful reductions in patient symptoms that are maintained over 3.7 years mean follow-up.
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